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Abstract 26 
Comparative evaluations are needed to assess the suitability of near-road air pollution models for 27 
traffic-related ultrafine particle number concentration (PNC). Our goal was to evaluate the ability of 28 
dispersion (CALINE4, AERMOD, R-LINE, and QUIC) and regression models to predict PNC in a residential 29 
neighborhood (Somerville) and an urban center (Chinatown) near highways in and near Boston, 30 
Massachusetts. PNC was measured in each area, and models were compared to each other and 31 
measurements for hot (>18 °C) and cold (<10 °C) hours with wind directions parallel to and 32 
perpendicular downwind from highways. In Somerville, correlation and error statistics were typically 33 
acceptable, and all models predicted concentration gradients extending ~100 m from the highway. In 34 
contrast, in Chinatown, PNC trends differed among models, and predictions were poorly correlated with 35 
measurements likely due to effects of street canyons and non-highway particle sources. Our results 36 
demonstrate the importance of selecting PNC models that align with study area characteristics (e.g., 37 
dominant sources and building geometry). We applied widely available models to typical urban study 38 
areas; therefore, our results should be generalizable to models of hourly averaged PNC in similar urban 39 
areas.  40 
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Introduction 41 
People living within several hundred meters of highways experience increased risks of respiratory and 42 
cardiovascular disease,
1,2
 and ultrafine particles (UFP; <100 nm in diameter) emitted in motor vehicle 43 
exhaust may contribute to these risks.
3
 UFPs have been shown to be associated with increased levels of 44 
inflammatory blood biomarkers in people living <500 m from major highways,
4,5
 and UFP concentrations 45 
near highways can be twice as high as urban background concentrations.
6-9
 46 
Potential exposures to UFP measured as particle number concentrations (PNC) have been quantified 47 
using mechanistic
10-12
 and empirical
13,14
 models across cities,
15-19
 in urban street canyons,
20
 and near 48 
roads.
21-25
 Mechanistic models are based on physical theory and include dispersion models like the 49 
California Line Source Dispersion Model (CALINE4),
26
 the American Meteorological 50 
Society/Environmental Protection Agency Regulatory Model (AERMOD),
27
the research line source model 51 
(R-LINE),
21
 and the Quick Urban and Industrial Complex (QUIC) Modeling System.
28
 Empirical models of 52 
PNC and other traffic-related air pollutants are often developed using land use regression (LUR), a 53 
technique that statistically relates pollutant measurements to road density, distance to roads and other 54 
variables.
13,22,23,25,29
 While dispersion models require detailed meteorological and traffic inputs and are 55 
broadly generalizable, regression models are based on monitoring data and are location-specific.
13,29
 56 
Both dispersion and regression models contain uncertainties related to model structure 57 
assumptions (e.g., dispersion and chemical reactivity) and parameter value accuracy (e.g., 58 
meteorological data and emission factors).
12
 For PNC, the structure of model treatment of dispersion is 59 
likely to be more important than inclusion of chemistry. While particle coagulation may reduce PNC by 60 
25% over an entire city (~1000 km),
15
 dilution is expected to have a larger impact on PNC than 61 
coagulation or other reactions (e.g., evaporation, photooxidation) at the neighborhood scale.
12
 At the 62 
same time, the particle emission rate is a key parametric uncertainty in PNC modeling because the 63 
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emissions depend on the vehicle fleet, meteorology, and rapid transformation of emitted particles on 64 
and within a few meters of the road.
12,30
 Development of locally suitable PNC emission factors could 65 
improve the performance of both regression and dispersion models.
12
 66 
Comparative performance evaluations demonstrate the magnitude of uncertainties in estimated 67 
uncertainties that are introduced by modeling decisions. In different European studies of NO2, one 68 
component of traffic exhaust, performance (R
2
 and standard error) of dispersion models was similar ,
31-33
 69 
worse than
34,35
 or better than
36
 LUR performance relative to measurements. At different traffic sites, 70 
LUR and dispersion models either underestimated
31,32
 or overestimated
37
 air pollutant concentrations. 71 
Within most single studies, correlation coefficients (R
2
) between NO2 predicted by dispersion models 72 
and LUR, or two dispersion models, ranged from 0.55 to 0.90.
32,33,35,36,38
 However, in one study 73 
comparing LUR to European regulatory dispersion models, the agreement between NO2 models varied 74 
widely (R
2
 range = 0.19-0.89) and was lowest for comparisons using the least spatially resolved (>500-m 75 
grids) dispersion models.
39
 In the near-road environment, slight improvements were obtained by 76 
modeling plume meander and vehicle- and road-induced turbulence.
37,40
 One near-road study using 77 
both a dispersion model (QUIC) and LUR to model PNC reported R
2
 = 0.8 between QUIC and LUR, 78 
although model performance was not evaluated.
24
 To our knowledge, there are no studies in the 79 
literature comparing performance of dispersion and regression models of PNC near roads. Therefore, we 80 
undertake the present study to evaluate how differences in model structure and inputs affect UFP 81 
concentrations predicted by near-road models. 82 
The goals of this work were to evaluate the ability of line source dispersion and land use regression 83 
models to predict hourly PNC near busy roads in urban neighborhoods, and to provide insight about 84 
which kinds of models should be used for near-road PNC exposure assessment. We compared three 85 
Gaussian dispersion models (CALINE4, AERMOD and R-LINE), a Lagrangian dispersion model with 86 
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empirical flow approximations (QUIC) and neighborhood-specific spatial-temporal regression models 87 
(Table 1). Our specific objectives were to (i) compare distance-decay gradients predicted under different 88 
wind direction and air temperature scenarios in two urban near-highway neighborhoods to determine 89 
which models generate reasonable PNC predictions, and (ii) evaluate and compare the performance of 90 
the models in predicting PNC relative to measurements and each other. 91 
Methods 92 
Models 93 
CALINE4 94 
CALINE4 was developed in the 1970s by the California Department of Transportation to assess the 95 
impact of road vehicles on air quality and is an updated version of a United States Environmental 96 
Protection Agency (U.S. EPA) regulatory model.
26,41
 The main advantages of CALINE4 are its ease of use 97 
and relatively few inputs. CALINE4 uses an analytical solution to a steady-state Gaussian plume model to 98 
predict pollutant concentrations. Vehicle-induced turbulence is modeled by a mixing zone 2 m wider 99 
than the road surface. Dispersion outside the mixing zone is modeled using Pasquil-Gifford stability 100 
curves. 101 
AERMOD 102 
AERMOD (v8.1.0, Lakes Environmental) is a regulatory model that was developed in the 2000s by 103 
the American Meteorological Society and the U.S. EPA to simulate industrial source air quality effects.
41-
104 
43
 The main advantage of AERMOD over earlier models like CALINE4 is the improved parameterization of 105 
dispersion; however, AERMOD also requires more meteorological inputs (e.g., Monin-Obukhov length) 106 
to support the more complex dispersion algorithms. AERMOD is a steady-state plume model that 107 
incorporates Gaussian dispersion and the Plume Rise Model Enhancement (PRIME) algorithms.
44
 108 
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Although AERMOD was developed for industrial point sources, it has previously been used to evaluate 109 
the effects of roads on local air quality.
37,45
 AERMOD can treat line sources as a series of point or volume 110 
sources or as an area source. In this model comparison, interstate highways were modeled as area 111 
sources. 112 
R-LINE 113 
R-LINE (v1.2) was developed by the U.S. EPA in the 2010s for predicting mobile-source air quality 114 
impacts near roadways.
21,46
 The main advantage of R-LINE is that it incorporates the advanced 115 
dispersion algorithms used in AERMOD into a line source model similar to CALINE. In R-LINE, roads are 116 
input as lines and simulated as a series of point sources. R-LINE can use analytical (used in this work) or 117 
numerical methods to predict hourly concentrations of inert traffic-related air pollutants. 118 
QUIC 119 
QUIC (v6.01) was developed by the Los Alamos National Laboratory and has been continuously 120 
updated since 1990 to model air pollutant releases in urban areas.
47-49
 QUIC is the only model 121 
considered here that explicitly models individual obstructions, and therefore requires greater 122 
computational resources than the other models. The wind-field module calculates three-dimensional 123 
flow fields around stationary obstacles including buildings, hills, and vegetation.
49
 Subsequently, a 124 
Lagrangian random-walk dispersion model superimposes a pollution source on the wind field and tracks 125 
the dispersion of pollutants downwind of the source.
47
 Although QUIC can simulate particle dynamics, 126 
particles were considered inert for this study. 127 
Regression 128 
Multivariate linear regression (land use regression) models of air pollution empirically relate 129 
measured pollutant concentrations to covariates including traffic volume, distance and direction to 130 
roads, and meteorology.
13,29
 The hourly neighborhood-specific models of the natural logarithm of PNC 131 
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evaluated in this study were developed for the Community Assessment of Freeway Exposure and Health 132 
(CAFEH), and are described elsewhere.
22,23
 Briefly, the CAFEH models were spatial-temporal regressions 133 
developed using 1-second mobile monitoring measurements collected over the course of a year in each 134 
study area (see Model Inputs: Field Measurements). Land use, meteorological, and traffic variables 135 
were added to the models if they had a plausible physical relationship to PNC and increased R
2
 by >1%. 136 
Temporal variables in the final models included temperature, wind speed and wind direction. Spatial 137 
patterns were described by distance from I-93 and major intersections (but not distance from I-90) and 138 
by wind direction relative to I-93 and major non-road sources (e.g., airport and train station; Supporting 139 
Information Table S1).
22,25
 We did not have an independent dataset to evaluate the models; however, 140 
no single hour of measurements substantially affected the regression models’ performance in leave-141 
one-out cross-validation.
22,23
 142 
Study Area(s) 143 
The five models were compared in 0.2-km
2
 areas <400 m from the edge of interstate highways in 144 
two contrasting neighborhoods in the Boston, Massachusetts, metropolitan area: the Ten Hills 145 
neighborhood in Somerville, and Chinatown in downtown Boston (Figure 1). In both areas, 95-99% of 146 
the fleet was gasoline vehicles and 1-5% diesel depending on the day of the week and time of day.
50,51
 147 
The Ten Hills neighborhood is bordered by Interstate Highway 93 (I-93; 150,000 veh day
–1
) and 148 
Massachusetts Route 38 to the southwest, Massachusetts Route 28 to the east, and the Mystic River to 149 
the north. Ten Hills is characterized by rectilinear blocks of 2 and 3 family homes (276 buildings with 10 150 
m average height). Additionally, I-93 is elevated 5 m above grade with a 3-m-high noise barrier between 151 
I-93 and Ten Hills. The urban center of Boston Chinatown is bordered by I-93 to the east and bisected by 152 
I-90 (90,000 veh day
–1
) from the east to west. Chinatown is characterized by street canyons lined with 153 
residential and commercial buildings up to 100 m tall (824 in total). I-93 emerges from the Central Artery 154 
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Tunnel just north of the Chinatown study area; I-90 is mostly below-grade (≤5 m) as it passes through 155 
Chinatown. 156 
Modeling Scenarios 157 
Model Inputs 158 
Highway Geometry and Emissions 159 
Highway locations were obtained from MassGIS.
52
 In Somerville, I-93 was modeled as a line source 5 160 
m above ground level. In QUIC, the elevated surface of I-93 was modeled as a 1-m thick block above 4 m 161 
of air, preventing particle transport downward through the road surface. The noise barrier was modeled 162 
as a 3-m-tall solid structure on the northeastern edge of the elevated highway surface. The highways in 163 
Chinatown were simulated as ground level sources. Highway traffic volumes and speeds were obtained 164 
from the Massachusetts Department of Transportation.
53
 Dispersion models were run with unit emission 165 
factors and predictions were scaled by particle number emission factors (PNEF; #-veh
– 1
km
–1
) obtained 166 
from measurements on I-93 in the Central Artery Tunnel in Boston (see Section S1).
54
 Each model 167 
treated particles as chemically inert and assumed that contributions of other PNC sources were 168 
negligible relative to the contributions of I-93 and I-90. 169 
Meteorology 170 
The models were tested for a range of meteorological conditions defined by wind direction and 171 
temperature (Table 2). The wind direction was parallel or perpendicular downwind relative to I-93 (both 172 
areas) and I-90 (Chinatown only). For each wind condition, one hot hour (>18 °C) and one cold hour (<10 173 
°C) were selected. Surface meteorological measurements were obtained from Logan International 174 
Airport (KBOS).
55
 Upper air data from balloon soundings (16 m – 331,000 m) were obtained from 175 
Chatham, MA (CHH−74494). Pasquill−Gifford atmospheric stability class and mixing height were 176 
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assigned using the Turner workbook and Monin−Obhukhov length was calculated with AERMET 177 
v12345.
56,57
 Standard deviation of wind direction, σθ, was set to 20° following a sensitivity analysis 178 
showing that CALINE4 predictions are not strongly affected by σθ.
26
 179 
Building Parameterization 180 
In CALINE4, AERMOD, and R-LINE the aerodynamic roughness of the ground surface was assigned 181 
the CALINE4 default for each neighborhood: for Somerville, the roughness coefficient was 100 cm 182 
(suburban environment) and for Chinatown, the roughness coefficient was 400 cm (central business 183 
district).
58
 For QUIC, building footprints and heights were obtained from a shapefile based on LIDAR 184 
measurements
59
 and a building wall roughness, z0, of 0.1 m was assumed.
20
 The regression models did 185 
not consider building geometry. 186 
Modeling Domain, Resolution, and Receptors 187 
To avoid inaccurate dispersion model predictions due to changes in wind flow near model domain 188 
edges, the horizontal domains extended outside the study area by 50 m in Somerville and 500 m in 189 
Chinatown (i.e., 5 times the average building height).
20
 The domain heights were 100 m in Somerville 190 
and 200 m in Chinatown. In QUIC, wind fields were resolved to 1 m in each horizontal direction, x and y; 191 
the vertical (z) resolution was 1 m at the surface and increased parabolically with elevation. Pollutant 192 
concentrations were calculated by QUIC on a 5m x 5m x 5m three-dimensional grid. CALINE4, R-LINE, 193 
AERMOD, and the regression models were spatially continuous (i.e., non-grid) and therefore spatial 194 
resolution in the dispersion models was limited by accuracy in the GIS layer files and spatial resolution in 195 
the regression models was limited by the PNC measurements. Modeling results were exported to a 20-196 
receptor transect in Somerville and an 80-receptor grid in Chinatown. Receptors were ~20 m apart at 197 
distances from 0 to 400 m from the edges of highways and 3 m above ground level. 198 
Field Measurements 199 
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Mobile monitoring of PNC <500 m (near-highway) and >1000 m (urban background) from the edge 200 
of I-93 was conducted with the Tufts Air Pollution Monitoring Laboratory (TAPL). Monitoring was 201 
conducted by driving the TAPL on fixed routes in Somerville on 43 days (September 2009 - August 2010) 202 
and in Chinatown on 47 days (August 2011 - July 2012).
7,8
 PNC was measured each second with a 203 
condensation particle counter (CPC 3775, TSI, Shoreview, MN), assigned a location by matching the CPC 204 
time with that of a Garmin GPS V receiver, and quality controlled following standard CAFEH 205 
procedures.
7,8
 To reduce noise in the measurements for comparative model performance evaluations 206 
and increase stability of spatial patterns, a loess smooth (span=0.2 based on previous work
7
) of PNC as a 207 
function of distance to the highways was developed for each scenario to assign PNC measurements to 208 
receptors. Each near-highway (<200 m) loess smooth was the average of 3-12 near-highway transects. 209 
Background PNC in Somerville was calculated as the mean of ~10 min of measurements >1000 m from I-210 
93 during the same hour as near-highway measurements.
7
 Comparable background measurements 211 
were not available for Chinatown; therefore, background concentrations were estimated as the 1
st
 212 
percentile of PNC from each hour of monitoring. Sensitivity to this assumption was tested by repeating 213 
analyses for Chinatown using the 25
th
 percentile of measurements as background. 214 
Model Performance Metrics 215 
Model predictions were evaluated for 4 hours in Somerville (Scenarios SV-1 to SV-4) and 6 hours in 216 
Chinatown (Scenarios CT-1 to CT-6), for a total of 10 test scenarios (Table 2). The metrics used for model 217 
evaluation relative to measurements were correlation coefficient (R
2
), fraction of predictions within a 218 
factor of 1.5 (FAC1.5) and 2 (FAC2) of measurements, normalized mean square error (NMSE), and 219 
fractional bias (FB). These performance measures were calculated with a custom statistics function in R 220 
(see Section S2) and have been widely used to evaluate air pollution models.
20,60,61
 Model performance 221 
relative to measurements was considered acceptable if R
2
 > 0.9, NMSE ≤ 0.25, absolute value of FB ≤ 222 
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0.25, and FAC2 > 0.7.
60,61
 In addition, the level of agreement among predictions from different models 223 
was assessed using Pearson correlations. All analyses were performed in R version 3.0.1.
62
 224 
Results and Discussion 225 
Model Performance in Somerville 226 
In Somerville, CALINE4, R-LINE, AERMOD, QUIC, and the regression model predicted near-highway 227 
PNC gradients that approached background concentrations at ~200 m from the edge of I-93 (Figure 2). 228 
In addition, arterial roads began to influence measurements at distances from I-93 greater than ~200 m. 229 
Therefore, all model evaluations and comparisons in both Somerville and Chinatown were made from 0-230 
200 m from the edges of I-93 and I-90. The models reasonably predicted Somerville scenario 231 
measurements (Figure S1) for warm hours (Scenarios SV-3 and SV-4) and the cold hour when the wind 232 
was perpendicular to I-93 (Scenario SV-1; Table S2). QUIC most closely approximated the shape of the 233 
measured PNC distance-decay curves; however, CALINE4, AERMOD, and R-LINE also performed 234 
reasonably well (and outperformed QUIC when the wind was parallel to the highway). Agreement of 235 
model predictions with measurements ranged from moderate to acceptable for individual scenarios (R
2
 236 
=0.43-0.96, NMSE ≤ 0.22, |FB| =0.12-0.90; Table S2). The Somerville regression model generally 237 
performed better for the four scenarios (R
2
=0.69, 0.28, 0.96, and 0.72) than it did for the full CAFEH 238 
dataset (R
2
=0.42).
22
 An exception to the overall good performance was for the cold hour with wind 239 
parallel to I-93 (Scenario SV-2), when a wide zone of elevated PNC near I-93 was not predicted by the 240 
models (e.g., R
2
 ≤0.52 for all models). During the overcast midday of SV-2, PNC was unusually high both 241 
near I-93 (~75,000 particles/cm
3
) and in the urban background area (~50,000 particles/cm
3
), suggesting 242 
that decreased vertical mixing in the morning contributed to the buildup of PNC. 243 
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In Somerville, there was high agreement among models; Pearson’s r among model predictions was 244 
>0.82 overall and >0.58 for individual scenarios (Table S3). QUIC generally predicted the highest PNC 245 
and the near-road gradient with the shape closest to that of the smoothed data, except for Scenario SV-246 
2 (cold air temperature, winds parallel to I-93) when QUIC was unable to predict a near-road gradient. 247 
The highest correlations were found for predictions from the three Gaussian dispersion models 248 
(CALINE4, AERMOD, and R-LINE), which had similar curves with r>0.98 for all four scenarios. CALINE4 249 
predicted slightly higher PNC than AERMOD and R-LINE near I-93 during cold hours (Scenarios SV-1 and 250 
SV-2) and slightly lower concentrations during hot hours (Scenarios SV-3 and SV-4). The regression 251 
model predicted lower PNC than the dispersion models except for when the wind was blowing 252 
perpendicular to I-93 from the west on a cold day (Scenario SV-1). Low correlations were found for QUIC 253 
relative to all other models in Scenario SV-3 (r = 0.78-0.80), and for the regression model relative to 254 
other models for Scenario SV-2 (r = 0.63 for CALINE4, 0.75 for R-LINE, and 0.58 for AERMOD). However, 255 
all the models had generally acceptable performance and could be applied to neighborhoods like 256 
Somerville. 257 
Model Performance in Chinatown 258 
On average, the models predicted weak near-highway concentration gradients extending 100-200 m 259 
downwind (west) of the edges of I-93 (Figure 3) and (north and south of) I-90 (Figure S2) in Chinatown. 260 
Gradients from the individual highways were more difficult to discern than those in Somerville. 261 
Complexities in spatial trends in Chinatown were not accurately captured due to the generally high 262 
background PNC and contributions from multiple highways. All the models underestimated measured 263 
PNC in most Chinatown scenarios and underestimated the range in PNC upwind and downwind of I-93 264 
and I-90 for warm and cold hours (Scenarios CT-1 to CT-6; Figure S3). R
2
 was ≤0.45 and NMSE was ≤0.26 265 
for all five models under all individual Chinatown test scenarios, and FAC2 (≤70% for all dispersion 266 
models) and FB (-1.21 to 0.68) were outside of generally accepted standards (Table S4). The 267 
Page 13 of 33
ACS Paragon Plus Environment
Environmental Science & Technology
 14 
 
performance of the Chinatown regression model for the six test scenarios (R
2
=0.37, 0.00, 0.00, 0.26, 268 
0.43, and 0.36) varied substantially compared to the model performance in the CAFEH dataset as a 269 
whole (R
2
=0.24).
7
 The poor performance of the models in Chinatown reflected the inability to capture 270 
the more complex spatial patterns in PNC. In sensitivity analyses, changes to increase the loess smooth 271 
span (Figure S4, Figure S5) and the assumed background PNC (Figure S6) improved the fraction of 272 
predictions within a factor of 2 and 1.5 and the fractional bias. Neither the R
2
 nor the NMSE was 273 
affected by these adjustments (Table S5) because the changes did not substantially affect the spatial 274 
trends in PNC. Similar results were obtained when only those receptors downwind of I-90 were 275 
considered. While removing receptors upwind of I-90 improved FAC2 and FAC1.5 by ~12% on average 276 
(Table S6), correlations between measurements and PNC predictions at downwind receptors were not 277 
generally better than those using the full set of receptors (Figure S7). 278 
PNC predictions from the five models had less agreement in Chinatown than in Somerville (Table 279 
S7). During cold hours correlations among predictions were as low as 0.57 between CALINE4 and 280 
AERMOD (Scenario CT-1: east wind perpendicular to I-93) and 0.77 between CALINE4 and R-LINE 281 
(Scenario CT-5: north wind perpendicular to I-90). Surprisingly, QUIC and the regression model 282 
sometimes predicted trends in the opposite direction from the other models. For example, during cold 283 
(Scenario CT-2) and hot (Scenario CT-3) hours with wind from the southwest, predictions from QUIC and 284 
the regression model were negatively correlated with predictions from CALINE4, AERMOD, and R-LINE 285 
(r= −0.75 to −0.11). These inconsistent results when the wind was from the southwest may be related to 286 
air recirculation in the street canyon formed by buildings north and south of I-90.
20
 QUIC predicted 287 
upward air flow on the north edge of the street canyon and downward flow on the south side, leading to 288 
upward dispersion of particles north of I-90 (Figure S8). Because I-90 is actually below grade but was 289 
modeled at ground level in all five models, the wind flow deviations due to street canyon effects may 290 
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have been larger than the deviations predicted by QUIC and therefore the models may have 291 
overestimated PNC relative to models of a below-grade highway. 292 
Comparison to other evaluations of near-road models 293 
Our main findings that the five models tested were in generally good agreement with each other, 294 
but not necessarily with measurements, are consistent with the few available near-road PNC model 295 
evaluations. Our results are in line with studies that had qualitatively good agreement with 296 
measurements for both QUIC
28
 and CALINE4,
63
 and had R
2
 of 0.2-0.5 between hourly or sub-hourly near-297 
road PNC regression models and measurements.
17,23,25
 In addition, our correlations between predictions 298 
from QUIC and regression models of PNC in Somerville (R
2
=0.82) and Chinatown (R
2
=0.79) were similar 299 
to those reported for New York City (R
2
=0.80).
24
 300 
Our results are also similar to other studies comparing models of traffic emissions. In previous 301 
studies of model performance, predictions of NO2 and tracers (i.e., sulfur hexafluoride) have been within 302 
a factor of two of observations with reasonable agreement among models (e.g., CALINE4, AERMOD, R-303 
LINE, QUIC, CAR, Urban, and regression).
31-39
 We found that our tested models generally underestimated 304 
PNC relative to measurements, consistent with previous studies that reported underestimation of 305 
traffic-related air pollution by dispersion models for conditions of atmospheric instability, wind direction 306 
perpendicular to the highway, or low concentrations.
11,36,37,45
 However, our results were different from 307 
studies that reported overestimation of traffic-related air pollution during stable or parallel wind 308 
conditions, and when concentrations were relatively high.
11,27,36,44,45,64
 Differences between our study 309 
and those reporting overestimations of concentrations could be related to model characteristics (e.g., 310 
the importance of aerosol chemistry or other primary and secondary PNC sources) and uncertainty in 311 
the emission factor inputs. In addition, although dispersion models (e.g., AERMOD, CALINE4, and R-LINE) 312 
of near-road traffic-related air pollution have generally been reported to perform better for wind speeds 313 
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>1 m/s,
11,21,37,38,45
 we did not observe any consistent differences between high and low wind speeds in 314 
our study, possibly because we did not model any hours with low enough wind speeds to observe a 315 
difference. 316 
Sources of Uncertainty 317 
The main sources of uncertainty in model predictions of near-highway PNC include factors related to 318 
model inputs (e.g., emission factors and local street traffic) and structure (e.g., treatment of plume 319 
meander and particle dynamics). The uncertainty in particle number emission factors is about a factor of 320 
10 because limited data are available on how particle number emission rates change as a function of 321 
fleet composition, vehicle speed, traffic congestion, and meteorological conditions.
54,65
 To maximize the 322 
applicability of the EFPN to this study, we used temperature-adjusted EFPN from a study in the Boston 323 
Central Artery Tunnel.
54
 Using these emission factors, we achieved reasonably good fits to 324 
measurements in Somerville but underestimated PNC in Chinatown by about a factor of 3 (Table 2). 325 
These results suggest that an emission factor closer to that reported for the Williamsburg Bridge in 326 
Brooklyn, NY (5.7 x 10
14
 # veh
−1
 km
−1
, ~2.5 times higher than our emission factors) might be more 327 
appropriate for neighborhoods like Chinatown than the tunnel-derived values.
24
 328 
Similarly, changes in local-scale meteorology and emissions from highway and non-highway sources 329 
could impact PNC gradients near highways.
9,66,67
 The monitoring data were not adjusted using fixed sites 330 
because the models were built to reflect the traffic and meteorological conditions when the 331 
measurements for the test scenarios were performed, and sub-hourly measurements were not available 332 
from any fixed site. In Chinatown, emissions from local traffic, diesel trains at South Station, and 333 
airplanes at Logan Airport east of I-93 may have contributed to the differences between the PNC models 334 
and measurements. In some applications, models of PNC from highway traffic might be appropriate 335 
even if the models do not agree with measurements of total PNC. However, researchers modeling total 336 
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PNC would be well served to invest in modeling all nearby sources of ultrafine particles, especially in 337 
more complex areas like Chinatown. 338 
Different treatments of plume meander and exclusion of aerosol particle dynamics contribute to 339 
structural uncertainties in near-road models of PNC. Treatment of plume meander is one of the major 340 
structural differences among the models considered here; AERMOD and R-LINE assume radial dispersion 341 
at low wind speeds, CALINE4 has a parameter for the standard deviation of wind direction, and QUIC 342 
does not account for deviations from the mean wind direction unless a physical obstacle is 343 
present.
21,45,47,64
 However, all of the tested dispersion models had similar PNC predictions at the low (<2 344 
m/s) wind speeds (e.g., Scenarios SV-1, CT-2 and CT-5) in which plume meander is applied in CALINE and 345 
R-LINE. Similarly, while particle formation and removal can be important during episodes of very high 346 
PNC and over large distances,
12,15,30
 these processes are not likely to be important for the near-road 347 
environments considered in this paper. Review articles suggest time-scales of ~200 s for advection, 348 
~1000 s for deposition, and ~10,000 s for coagulation for near-road environments with typical PNC (10
4
-349 
10
5
 particles/cm
3
).
12,68
 Therefore, particles are likely to be advected out of the near-road environment 350 
(0-200 m) before evolving enough to substantially change the number concentrations. 351 
Implications  352 
This is one of the first studies, and the most comprehensive to date, comparing multiple near-road 353 
models of PNC on an hourly time-scale. We showed that near-road air pollution models agree in some, 354 
but not all, likely meteorological and building scenarios. This result is important because exposure 355 
assessment
4,69,70
 and epidemiology
5,71
 of traffic-related air pollution are increasingly incorporating 356 
participant time-activity patterns. Therefore, understanding the errors in different air pollution models 357 
over short periods is valuable for predicting potential biases in exposure assessment for those models. 358 
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Based on our results, we recommend that researchers carefully consider the impacts of choice of 359 
dispersion or regression model on their near-road PNC predictions. Differences among models may be 360 
most important in areas with complex roadway geometries and wind patterns like our urban center 361 
neighborhood (i.e., Chinatown) or <50 m from the highway edge, where all five models tested under-362 
predicted the measurements by up to a factor of three. Overall, the most important parameters 363 
affecting the model predictions were the locations of particle sources and buildings relative to wind 364 
direction. Depending on area geometry, modelers may choose to use a hybrid approach with one model 365 
(e.g., QUIC) for wind directions where street canyon effects dominate and another model for other wind 366 
directions where the benefits of including wind flow around individual buildings might not be realized.  367 
The models and study areas used in this investigation were selected to maximize generalizability for 368 
other near-road PNC modeling efforts. The four dispersion models we tested are freely available to the 369 
air pollution modeling community and have been used in research and regulatory applications;
21,24,28,42-
370 
44,46,48,58,64
 the regression models are similar to those being developed and used in epidemiological 371 
studies.
13,17,29,33,36
 While the Somerville study area presented some modeling challenges (i.e., I-93 was 372 
elevated, had a noise barrier, and was parallel to a state highway), it is typical of the complexity of many 373 
urban neighborhoods near highways. In contrast, Chinatown was typical of an urban core area where 374 
model performance can be degraded by complex roadway and building geometries. While we expect 375 
our methods and results to be broadly generalizable to hourly models of PNC in similar urban areas near 376 
highways in the United States, future work is needed to assess the generalizability of the model 377 
comparisons to other locations and over longer time periods. 378 
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Additional information as described in the text is available free of charge via the Internet at 381 
http://pubs.acs.org. 382 
Acknowledgements 383 
We thank Stephen Zemba for running the CALINE, R-LINE, and AERMOD models for Somerville while 384 
funded by the CDM Smith internal research program. This work is part of the Community Assessment of 385 
Freeway Exposure and Health (CAFEH) study funded by NIEHS (ES015462) and the Tufts University Tisch 386 
College through the Tufts Community Research Center. APP was supported by the U.S. EPA (FP-387 
91720301), a Santander Postgraduate Research Award by the University of Surrey, and NIEHS grants to 388 
EOHSI (T32 ES198543; P30ES005022). CM was supported by NIOSH (T42 OH008455-10) and NIEHS 389 
(P30ES017885). This work has not been reviewed by and does not represent the opinions of the funding 390 
agencies.  391 
Page 19 of 33
ACS Paragon Plus Environment
Environmental Science & Technology
 20 
 
References 392 
1. Brugge, D.; Durant, J. L.; Rioux, C., Near-highway pollutants in motor vehicle exhaust: a review of 393 
epidemiologic evidence of cardiac and pulmonary health risks. Environ. Health 2007, 6, 23. 394 
2. Delfino, R. J.; Staimer, N.; Tjoa, T.; Gillen, D. L.; Polidori, A.; Arhami, M.; Kleinman, M. T.; Vaziri, 395 
N. D.; Longhurst, J.; Sioutas, C., Air pollution exposures and circulating biomarkers of effect in a 396 
susceptible population: clues to potential causal component mixtures and mechanisms. Environ. Health 397 
Perspect. 2009, 117, (8), 1232-1238. 398 
3. HEI Review Panel on Ultrafine Particles HEI Perspectives 3: Understanding the Health Effects of 399 
Ambient Ultrafine Particles; Health Effects Institute, Boston, MA.: 2013. 400 
4. Lane, K. J.; Levy, J. I.; Scammell, M. K.; Patton, A. P.; Durant, J. L.; Mwamburi, M.; Zamore, W.; 401 
Brugge, D., Effect of time-activity adjustment on exposure assessment for traffic-related ultrafine 402 
particles. J. Expo. Sci. Environ. Epidemiol. 2015, 25, (5), 506-16. 403 
5. Lane, K. J.; Levy, J. I.; Scammell, M. K.; Peters, J. L.; Patton, A. P.; Reisner, E.; Lowe, L.; Zamore, 404 
W.; Durant, J. L.; Brugge, D., Association of modeled long-term personal exposure to ultrafine particles 405 
with inflammatory and coagulation biomarkers. Environ. Int. 2016, 92-93, 173-82. 406 
6. Karner, A. A.; Eisinger, D. S.; Niemeier, D. A., Near-roadway air quality: synthesizing the findings 407 
from real-world data. Environ. Sci. Technol. 2010, 44, (14), 5334-44. 408 
7. Patton, A. P.; Perkins, J.; Zamore, W.; Levy, J. I.; Brugge, D.; Durant, J. L., Spatial and temporal 409 
differences in traffic-related air pollution in three urban neighborhoods near an interstate highway. 410 
Atmos Environ (1994) 2014, 99, 309-321. 411 
8. Padró-Martínez, L. T.; Patton, A. P.; Trull, J. B.; Zamore, W.; Brugge, D.; Durant, J. L., Mobile 412 
monitoring of particle number concentration and other traffic-related air pollutants in a near-highway 413 
neighborhood over the course of a year. Atmos. Environ. 2012, 61, 253-264. 414 
9. Durant, J. L.; Ash, C. A.; Wood, E. C.; Herndon, S. C.; Jayne, J. T.; Knighton, W. B.; Canagaratna, 415 
M. R.; Trull, J. B.; Brugge, D.; Zamore, W.; Kolb, C. E., Short-term variation in near-highway air pollutant 416 
gradients on a winter morning. Atmos. Chem. Phys. 2010, 10, (2), 5599-5626. 417 
10. Holmes, N. S.; Morawska, L., A review of dispersion modelling and its application to the 418 
dispersion of particles: An overview of different dispersion models available. Atmos. Environ. 2006, 40, 419 
(30), 5902-5928. 420 
11. Sharma, N.; Chaudhry, K. K.; Rao, C. V. C., Vehicular pollution prediction modelling: a review of 421 
highway dispersion models. Transport Reviews 2004, 24, (4), 409-435. 422 
12. Kumar, P.; Ketzel, M.; Vardoulakis, S.; Pirjola, L.; Britter, R., Dynamics and dispersion modelling 423 
of nanoparticles from road traffic in the urban atmospheric environment—A review. J. Aerosol Sci 2011, 424 
42, (9), 580-603. 425 
13. Hoek, G.; Beelen, R.; de Hoogh, K.; Vienneau, D.; Gulliver, J.; Fischer, P.; Briggs, D., A review of 426 
land-use regression models to assess spatial variation of outdoor air pollution. Atmos. Environ. 2008, 42, 427 
(33), 7561-7578. 428 
14. Milionis, A. E.; Davies, T. D., Regression and stochastic models for air pollution—I. Review, 429 
comments and suggestions. Atmos. Environ. 1994, 28, (17), 2801-2810. 430 
15. Gidhagen, L.; Johansson, C.; Langner, J.; Foltescu, V. L., Urban scale modeling of particle number 431 
concentration in Stockholm. Atmos. Environ. 2005, 39, (9), 1711-1725. 432 
16. Montagne, D. R.; Hoek, G.; Klompmaker, J. O.; Wang, M.; Meliefste, K.; Brunekreef, B., Land Use 433 
Regression Models for Ultrafine Particles and Black Carbon Based on Short-Term Monitoring Predict Past 434 
Spatial Variation. Environ. Sci. Technol. 2015, 49, (14), 8712-20. 435 
17. Saraswat, A.; Apte, J. S.; Kandlikar, M.; Brauer, M.; Henderson, S. B.; Marshall, J. D., 436 
Spatiotemporal Land Use Regression Models of Fine, Ultrafine, and Black Carbon Particulate Matter in 437 
New Delhi, India. Environ. Sci. Technol. 2013, 47, (22), 12903-12911. 438 
Page 20 of 33
ACS Paragon Plus Environment
Environmental Science & Technology
 21 
 
18. Ragettli, M. S.; Ducret-Stich, R. E.; Foraster, M.; Morelli, X.; Aguilera, I.; Basagaña, X.; Corradi, E.; 439 
Ineichen, A.; Tsai, M.-Y.; Probst-Hensch, N.; Rivera, M.; Slama, R.; Künzli, N.; Phuleria, H. C., Spatio-440 
temporal variation of urban ultrafine particle number concentrations. Atmos. Environ. 2014, 96, (0), 275-441 
283. 442 
19. Rose, N.; Cowie, C.; Gillett, R.; Marks, G. B., Validation of a spatiotemporal land use regression 443 
model incorporating fixed site monitors. Environ. Sci. Technol. 2011, 45, (1), 294-299. 444 
20. Kumar, P.; Garmory, A.; Ketzel, M.; Berkowicz, R.; Britter, R., Comparative study of measured 445 
and modelled number concentrations of nanoparticles in an urban street canyon. Atmos. Environ. 2009, 446 
43, 949-958. 447 
21. Snyder, M. G.; Venkatram, A.; Heist, D. K.; Perry, S. G.; Petersen, W. B.; Isakov, V., RLINE: A line 448 
source dispersion model for near-surface releases. Atmos. Environ. 2013, 77, 748-756. 449 
22. Patton, A. P.; Collins, C.; Naumova, E. N.; Zamore, W.; Brugge, D.; Durant, J. L., An hourly 450 
regression model for ultrafine particles in a near-highway urban area. Environ. Sci. Technol. 2014, 48, (6), 451 
3272-80. 452 
23. Patton, A. P.; Zamore, W.; Naumova, E. N.; Levy, J. I.; Brugge, D.; Durant, J. L., Transferability and 453 
generalizability of regression models of ultrafine particles in urban neighborhoods in the Boston area. 454 
Environ. Sci. Technol. 2015, 49, (10), 6051-60. 455 
24. Zwack, L. M.; Hanna, S. R.; Spengler, J. D.; Levy, J. I., Using advanced dispersion models and 456 
mobile monitoring to characterize spatial patterns of ultrafine particles in an urban area. Atmos. 457 
Environ. 2011, 45, (28), 4822-4829. 458 
25. Hankey, S.; Marshall, J. D., Land Use Regression Models of On-Road Particulate Air Pollution 459 
(Particle Number, Black Carbon, PM2.5, Particle Size) Using Mobile Monitoring. Environ. Sci. Technol. 460 
2015, 49, (15), 9194-202. 461 
26. Benson, P. E. CALINE4—a dispersion model for predicting air pollutant concentrations near 462 
roadways; California Department of Transportation: Sacramento, CA, 1984. 463 
27. Venkatram, A.; Isakov, V.; Yuan, J.; Pankratz, D., Modeling dispersion at distances of meters from 464 
urban sources. Atmos. Environ. 2004, 38, (28), 4633-4641. 465 
28. Bowker, G. E.; Baldauf, R.; Isakov, V.; Khlystov, A.; Petersen, W., The effects of roadside 466 
structures on the transport and dispersion of ultrafine particles from highways. Atmos. Environ. 2007, 467 
41, (37), 8128-8139. 468 
29. Jerrett, M.; Arain, A.; Kanaroglou, P.; Beckerman, B.; Potoglou, D.; Sahsuvaroglu, T.; Morrison, J.; 469 
Giovis, C., A review and evaluation of intraurban air pollution exposure models. J. Expo. Anal. Environ. 470 
Epidemiol. 2005, 15, (2), 185-204. 471 
30. Ketzel, M.; Berkowicz, R., Modelling the fate of ultrafine particles from exhaust pipe to rural 472 
background: an analysis of time scales for dilution, coagulation and deposition. Atmos. Environ. 2004, 473 
38, (17), 2639-2652. 474 
31. Dijkema, M. B.; Gehring, U.; van Strien, R. T.; van der Zee, S. C.; Fischer, P.; Hoek, G.; Brunekreef, 475 
B., A comparison of different approaches to estimate small-scale spatial variation in outdoor NO(2) 476 
concentrations. Environ. Health Perspect. 2011, 119, (5), 670-5. 477 
32. Beelen, R.; Voogt, M.; Duyzer, J.; Zandveld, P.; Hoek, G., Comparison of the performances of 478 
land use regression modelling and dispersion modelling in estimating small-scale variations in long-term 479 
air pollution concentrations in a Dutch urban area. Atmos. Environ. 2010, 44, (36), 4614-4621. 480 
33. Wang, M.; Gehring, U.; Hoek, G.; Keuken, M.; Jonkers, S.; Beelen, R.; Eeftens, M.; Postma, D. S.; 481 
Brunekreef, B., Air Pollution and Lung Function in Dutch Children: A Comparison of Exposure Estimates 482 
and Associations Based on Land Use Regression and Dispersion Exposure Modeling Approaches. Environ. 483 
Health Perspect. 2015, 123, (8), 847-51. 484 
Page 21 of 33
ACS Paragon Plus Environment
Environmental Science & Technology
 22 
 
34. Briggs, D. J.; de Hoogh, C.; Gulliver, J.; Wills, J.; Elliott, P.; Kingham, S.; Smallbone, K., A 485 
regression-based method for mapping traffic-related air pollution: application and testing in four 486 
contrasting urban environments. Sci. Total Environ. 2000, 253, (1-3), 151-67. 487 
35. Cyrys, J.; Hochadel, M.; Gehring, U.; Hoek, G.; Diegmann, V.; Brunekreef, B.; Heinrich, J., GIS-488 
Based Estimation of Exposure to Particulate Matter and NO2 in an Urban Area: Stochastic versus 489 
Dispersion Modeling. Environ. Health Perspect. 2005, 113, (8), 987-992. 490 
36. Sellier, Y.; Galineau, J.; Hulin, A.; Caini, F.; Marquis, N.; Navel, V.; Bottagisi, S.; Giorgis-Allemand, 491 
L.; Jacquier, C.; Slama, R.; Lepeule, J., Health effects of ambient air pollution: Do different methods for 492 
estimating exposure lead to different results? Environ. Int. 2014, 66, 165-173. 493 
37. Heist, D.; Isakov, V.; Perry, S.; Snyder, M.; Venkatram, A.; Hood, C.; Stocker, J.; Carruthers, D.; 494 
Arunachalam, S.; Owen, R. C., Estimating near-road pollutant dispersion: A model inter-comparison. 495 
Transportation Research Part D: Transport and Environment 2013, 25, 93-105. 496 
38. Levitin, J.; Härkönen, J.; Kukkonen, J.; Nikmo, J., Evaluation of the CALINE4 and CAR-FMI models 497 
against measurements near a major road. Atmos. Environ. 2005, 39, (25), 4439-4452. 498 
39. de Hoogh, K.; Korek, M.; Vienneau, D.; Keuken, M.; Kukkonen, J.; Nieuwenhuijsen, M. J.; 499 
Badaloni, C.; Beelen, R.; Bolignano, A.; Cesaroni, G.; Pradas, M. C.; Cyrys, J.; Douros, J.; Eeftens, M.; 500 
Forastiere, F.; Forsberg, B.; Fuks, K.; Gehring, U.; Gryparis, A.; Gulliver, J.; Hansell, A. L.; Hoffmann, B.; 501 
Johansson, C.; Jonkers, S.; Kangas, L.; Katsouyanni, K.; Künzli, N.; Lanki, T.; Memmesheimer, M.; 502 
Moussiopoulos, N.; Modig, L.; Pershagen, G.; Probst-Hensch, N.; Schindler, C.; Schikowski, T.; Sugiri, D.; 503 
Teixidó, O.; Tsai, M.-Y.; Yli-Tuomi, T.; Brunekreef, B.; Hoek, G.; Bellander, T., Comparing land use 504 
regression and dispersion modelling to assess residential exposure to ambient air pollution for 505 
epidemiological studies. Environ. Int. 2014, 73, 382-392. 506 
40. Wang, Y. J.; Zhang, K. M., Modeling Near-Road Air Quality Using a Computational Fluid Dynamics 507 
Model, CFD-VIT-RIT. Environ. Sci. Technol. 2009, 43, (20), 7778-7783. 508 
41. U.S. EPA, Preferred/Recommended Models. 509 
http://www3.epa.gov/scram001/dispersion_prefrec.htm (September 22, 2015). 510 
42. Cimorelli, A. J.; Perry, S. G.; Venkatram, A.; Weil, J. C.; Paine, R. J.; Wilson, R. B.; Lee, R. F.; Peters, 511 
W. D.; Brode, R. W.; Paumier, J. O. AERMOD–Description of model formulation; EPA-454/R-03-004; 2004. 512 
43. Cimorelli, A. J.; Perry, S. G.; Venkatram, A.; Weil, J. C.; Paine, R. J.; Wilson, R. B.; Lee, R. F.; Peters, 513 
W. D.; Brode, R. W., AERMOD: A Dispersion Model for Industrial Source Applications. Part I: General 514 
Model Formulation and Boundary Layer Characterization. Journal of Applied Meteorology 2005, 44, (5), 515 
682-693. 516 
44. Perry, S. G.; Cimorelli, A. J.; Paine, R. J.; Brode, R. W.; Weil, J. C.; Venkatram, A.; Wilson, R. B.; 517 
Lee, R. F.; Peters, W. D., AERMOD: A Dispersion Model for Industrial Source Applications. Part II: Model 518 
Performance against 17 Field Study Databases. Journal of Applied Meteorology 2005, 44, (5), 694-708. 519 
45. Venkatram, A.; Snyder, M.; Isakov, V., Modeling the impact of roadway emissions in light wind, 520 
stable and transition conditions. Transportation Research Part D: Transport and Environment 2013, 24, 521 
(0), 110-119. 522 
46. Snyder, M. G.; Heist, D. K., User’s Guide for R-LINE Model Version 1.2: A Research LINE source 523 
model for near-surface releases. https://www.cmascenter.org/r-524 
line/documentation/1.2/RLINE_UserGuide_11-13-2013.pdf (May 12, 2016). 525 
47. Williams, M. D.; Brown, M. J.; Singh, B.; Boswell, D., QUIC-PLUME theory guide. Los Alamos 526 
National Laboratory 2004. 527 
48. Nelson, M.; Brown, M. The QUIC Start Guide (v 6.01); LA-UR-13-27291; Los Alamos National 528 
Laboratory: 2009. 529 
49. Singh, B.; Hansen, B. S.; Brown, M. J.; Pardyjak, E. R., Evaluation of the QUIC-URB fast response 530 
urban wind model for a cubical building array and wide building street canyon. Environmental Fluid 531 
Mechanics 2008, 8, (4), 281-312. 532 
Page 22 of 33
ACS Paragon Plus Environment
Environmental Science & Technology
 23 
 
50. Callahan, M. Memorandum: Results of the Boston Region MPO’s 2010 Freight Study – A Profile 533 
of Truck Impacts; Boston Region Metropolitan Planning Organization: March 15, 2012, 2012. 534 
51. McGahan, A.; Quackenbush, K. H.; Kuttner, W. S., Regional Truck Study. Boston Region 535 
Metropolitan Planning Organization, Central Transportation Planning Staff: 2001. 536 
52. MassGIS, EOTROADS, Commonwealth of Massachusetts Executive Office of Energy and 537 
Environmental Affairs: 2008, http://www.mass.gov/anf/research-and-tech/it-serv-and-538 
support/application-serv/office-of-geographic-information-massgis/datalayers/eotroads.html. 539 
53. Massachusetts Department of Transportation (MA DOT), Stakeholder Application Data 540 
Warehouse. https://trafficsensors.ext.here.com (May 1, 2016). 541 
54. Perkins, J. L.; Padró-Martínez, L. T.; Durant, J. L., Particle number emission factors for an urban 542 
highway tunnel. Atmos. Environ. 2013, 74, (0), 326-337. 543 
55. NCDC, Integrated Surface Hourly (ISH) dataset, Logan International Airport, AWSMSC 725090, 544 
WBAN 14739. ftp://ftp.ncdc.noaa.gov/pub/data/ (May 1, 2016). 545 
56. Turner, D. B., Workbook of atmospheric dispersion estimates: an introduction to dispersion 546 
modeling. CRC press: 1994. 547 
57. United States Environmental Protection Agency, AERMET - Version 12345. 548 
https://www3.epa.gov/scram001/metobsdata_procaccprogs.htm  549 
58. Coe, D. L.; Eisinger, D. S.; Prouty, J. D.; Kear, T. User’s guide for CL-4: a user friendly interface for 550 
the CALINE 4 model for transportation project impact assessments; STI-997480-1814-UG; Prepared for 551 
Caltrans – U.C. Davis Air Quality Project: Sacramento, CA, 1998. 552 
59. MassGIS, BUILDINGFPHEIGHTS_POLY, Commonwealth of Massachusetts Executive Office of 553 
Energy and Environmental Affairs: 2006, available via Tufts University GIS data server. 554 
60. Joodatnia, P.; Kumar, P.; Robins, A., Fast response sequential measurements and modelling of 555 
nanoparticles inside and outside a car cabin. Atmos. Environ. 2013, 71, (0), 364-375. 556 
61. ASTM, Standard Guide for Statistical Evaluation of Indoor Air Quality Models, 2014, 557 
http://www.astm.org/Standards/D5157.htm. 558 
62. R Core Team R: A language and environment for statistical computing, Version 3.0.1; R 559 
Foundation for Statistical Computing: Vienna, Austria, 2013. 560 
63. Gramotnev, G.; Brown, R.; Ristovski, Z.; Hitchins, J.; Morawska, L., Determination of average 561 
emission factors for vehicles on a busy road. Atmos. Environ. 2003, 37, (4), 465-474. 562 
64. Benson, P. E., A review of the development and application of the CALINE3 and 4 models. 563 
Atmospheric Environment. Part B. Urban Atmosphere 1992, 26, (3), 379-390. 564 
65. Zhai, W.; Wen, D.; Xiang, S.; Hu, Z.; Noll, K. E., Ultrafine-Particle Emission Factors as a Function of 565 
Vehicle Mode of Operation for LDVs Based on Near-Roadway Monitoring. Environ. Sci. Technol. 2016, 566 
50, (2), 782-789. 567 
66. Goel, A.; Kumar, P., Vertical and horizontal variability in airborne nanoparticles and their 568 
exposure around signalised traffic intersections. Environ. Pollut. 2016, 214, 54-69. 569 
67. Hudda, N.; Fruin, S. A., International Airport Impacts to Air Quality: Size and Related Properties 570 
of Large Increases in Ultrafine Particle Number Concentrations. Environ. Sci. Technol. 2016, 50, (7), 3362-571 
70. 572 
68. Kumar, P.; Robins, A.; Britter, R., Fast response measurements of the dispersion of nanoparticles 573 
in a vehicle wake and a street canyon. Atmos. Environ. 2009, 43, (38), 6110-6118. 574 
69. Beckx, C.; Panis, L. I.; Arentze, T.; Janssens, D.; Torfs, R.; Broekx, S.; Wets, G., A dynamic activity-575 
based population modelling approach to evaluate exposure to air pollution: Methods and application to 576 
a Dutch urban area. Environ. Impact Assess. Rev. 2009, 29, (3), 179-185. 577 
70. Dons, E.; Van Poppel, M.; Kochan, B.; Wets, G.; Int Panis, L., Implementation and validation of a 578 
modeling framework to assess personal exposure to black carbon. Environ. Int. 2014, 62, 64-71. 579 
Page 23 of 33
ACS Paragon Plus Environment
Environmental Science & Technology
 24 
 
71. Panis, L. I., New Directions: Air pollution epidemiology can benefit from activity-based models. 580 
Atmos. Environ. 2010, 44, (7), 1003-1004. 581 
  582 
Page 24 of 33
ACS Paragon Plus Environment
Environmental Science & Technology
 25 
 
Tables 583 
Table 1. Models compared in this study. 584 
Model CALINE4 R-LINE AERMOD QUIC Regression 
Model Type Gaussian plume 
Gaussian 
plume 
Gaussian 
plume 
Lagrangian 
plume 
Multivariate 
regression 
Road geometry
a 
Line Line Area/Volume Line Line 
Atmospheric 
stability 
Pasquil-Gifford 
Monin-
Obukhov 
Monin-
Obukhov 
Power-law Wind speed 
Spatial 
resolution
b 0.5 m 0.5 m 0.5 m 
10 m × 10 m × 
10 m 
20 m 
Approximate 
Runtime
c 200 ms 500 ms 500 ms 15 min 5 ms 
Data requirements 
Pollutant 
emission rate 
yes yes yes yes If desired 
d 
Surface 
meteorology 
yes yes yes yes If desired 
d
 
Upper air 
meteorology 
no yes yes no If desired 
d
 
Building 
footprints 
no no no yes If desired 
d
 
(a) The AERMOD area geometry was used for this model comparison. The spatial-temporal regression 585 
models include road location but not source strength. 586 
(b) Spatial resolutions were defined by GIS input data resolution (CALINE4, R-LINE, and AERMOD),52 587 
user-defined grids (QUIC), and measurement resolution (regression). 588 
(c) Runtimes are the time to run Chinatown Scenario 1 on a Dell Precision T3600 with an Intel® Xeon® 589 
Processor E5-1620 (Four Core 3.6GHz, 10M, Turbo) CPU, 2.0GB AMD FirePro™ V5900 GPU, and 16 590 
GB of 1600 MHz DDR3 RAM running 64-bit Windows 7. 591 
(d) Regression models can use any available data correlated with air pollution. The models used in this 592 
paper incorporate traffic volumes (used in calculating emission rates) and surface meteorology, but 593 
not upper air meteorology or building locations and dimensions.  594 
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Table 2. Meteorological and traffic input conditions for test scenarios in Somerville and Chinatown. 595 
 Somerville (2009-2010)
 
Chinatown (2011-2012)
b 
Scenario
a 
SV-1 SV-2 SV-3 SV-4 CT-1 CT-2 CT-3 CT-4 CT-5 CT-6 
Mobile 
monitoring data, 
min 
13.5 11.3 7.8 15.8 31.1 40.6 30.5 31.7 29.4 15.5 
Meteorology           
Temperature, °C −8.8 −5.6 28.1 30.6 7.8 9.4 22.8 19.4 −1.2 18.9 
Wind direction, ° 239 334 249 301 75 202 202 87 352 342 
Relative to I-93
c 
⊥ ∥ ⊥ ∥ ⊥ ∥ ∥ ⊥ ∥ ∥ 
Relative to I-90
c 
--- --- --- --- ∥ ⊥ ⊥ ∥ ⊥ ⊥ 
Wind speed, m/s 1.6 2.3 4.7 5.4 1.7 1.7 2.2 3.6 1.5 1.2 
Wind power law 
exponent p 
0.15 0.15 0.07 0.15 0.30 0.30 0.20 0.15 0.30 0.15 
Stability class D D B D F E C B E B 
Mixing height, m 750 750 1500 750 1230 1750 3640 1100 610 1520 
Traffic Emissions           
Volume on I-93, 
veh h
−1 4551 9020 8701 9725 10315 10315 6737 9351 6568 10426 
Volume on I-90, 
veh h
−1 --- --- --- --- 9634 9634 3320 5756 7698 6605 
EFPN, 
10
14
 # veh
−1
 km
−1
 
2.3 2.3 0.54 0.54 1.48 1.42 0.99 1.09 1.88 1.10 
(a) Scenarios for Somerville are: SV-1 = Saturday December 19 (day 353), 2009 0700-0800; SV-2 = 596 
Saturday December 19 (day 353), 2009 1100-1200; SV-3 = Thursday June 24 (day 175), 2010 1000-1100; 597 
SV-4 = Thursday July 29 (day 210), 2010 1700-1800. 598 
(b) Scenarios for Chinatown are: CT-1 = Wednesday April 12 (day 102), 2012 1800-1900; CT-2 = Tuesday 599 
January 24 (day 24), 2012 0500-0600; CT-3 = Tuesday June 12 (day 164), 2012 1200-1300; CT-4 = Friday 600 
September 2 (day 254), 2011 0900-1000; CT-5 = Wednesday January 11 (day 11), 2012 0600-0700; CT-6 601 
= Friday September 9 (day 252), 2011 0700-0800. 602 
(c) Perpendicular downwind scenarios (⊥) were selected from those days with wind within 22 degrees of 603 
perpendicular from I-93 or I-90. Parallel wind scenarios (∥) were selected from those days with wind 604 
within 22 degrees of parallel from I-93 or I-90. 605 
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Figures 
 
Figure 1. Somerville and Chinatown study areas with particle sources (highways and tunnel exit), Tufts Air Pollution Monitoring Laboratory 
(TAPL) routes and receptors, and heights of buildings modeled in QUIC. Receptors represent the locations where the model predictions and 
measurements were compared. The building shapefile was obtained via the Tufts University GIS data server.
59
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Figure 2. PNC-distance plots up to 200 m from the edge of I-93 in Somerville predicted by CALINE4, R-LINE, AERMOD, QUIC, and the CAFEH 
regression model. The four scenarios are for wind directions relative to I-93 and hot or cold air temperatures, as listed in the panels and 
described in Table 2. Smoothed near-road measurements (NR Measured) and background concentrations (B Measured) are shown for 
comparison. Values in (b) above the scale limit are 211, 135, 119, and 105 * 10
3
 particles/cm
3
 at distances of 20, 40, 60, and 80 m, respectively, 
from the edge of I-93.  
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Figure 3. PNC-distance plots up to 200 m from the edge of I-93 in Chinatown predicted by CALINE4, R-LINE, AERMOD, QUIC, and the CAFEH 
regression model. The six scenarios are for wind directions relative to I-93 and hot or cold air temperatures, as listed in the panels and described 
in Table 2. For parallel wind directions, the descriptions include whether the wind was from the north (N) or south (S) across I-90. Smoothed 
near-road measurements (NR Measured) and background concentrations (B Measured) are shown for comparison. See Figure S2 for gradients 
from I-90. 
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Figure 1. Somerville and Chinatown study areas with particle sources (highways and tunnel exit), Tufts Air 
Pollution Monitoring Laboratory (TAPL) routes and receptors, and heights of buildings modeled in QUIC. 
Receptors represent the locations where the model predictions and measurements were compared. The 
building shapefile was obtained via the Tufts University GIS data server.59  
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Figure 2. PNC-distance plots up to 200 m from the edge of I-93 in Somerville predicted by CALINE4, R-LINE, 
AERMOD, QUIC, and the CAFEH regression model. The four scenarios are for wind directions relative to I-93 
and hot or cold air temperatures, as listed in the panels and described in Table 2. Smoothed near-road 
measurements (NR Measured) and background concentrations (B Measured) are shown for comparison. 
Values in (b) above the scale limit are 211, 135, 119, and 105 * 103 particles/cm3 at distances of 20, 40, 
60, and 80 m, respectively, from the edge of I-93.  
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PNC-distance plots up to 200 m from the edge of I-93 in Chinatown predicted by CALINE4, R-LINE, 
AERMOD, QUIC, and the CAFEH regression model. The six scenarios are for wind directions relative to I-93 
and hot or cold air temperatures, as listed in the panels and described in Table 2. For parallel wind 
directions, the descriptions include whether the wind was from the north (N) or south (S) across I-90. 
Smoothed near-road measurements (NR Measured) and background concentrations (B Measured) are shown 
for comparison. See Figure S2 for gradients from I-90.  
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